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Abstract

Background: Atherosclerosis is a chronic progressive inflammatory disease of blood vessels particularly the arteries. The
development of atherosclerotic plaques or atherogenesis is a complex process that is influenced by cardiovascular risk
factors such as vascular inflammation and dyslipidemia. This study demonstrates the ability of tumor necrosis factor-alpha
(TNF-α) and low density lipoproteins (LDL) to induce atherosclerotic plaque in human saphenous vein (HSV) organ
culture.

Methods: Normal HSV segments, from male patients who had coronary bypass graft, were cultured in DMEM
containing 5% heat inactivated fetal bovine serum. TNF-α (5 ng/ml) was applied in combination with native LDL (nLDL)
or oxidized LDL (oxLDL) at the dose of 50 μg/ml for 14 days. The phenotypic changes of the organ cultures
characteristic of initial atherosclerotic plaques were evaluated. The effect of anti-atherogenic agent, 17-β estradiol (E2),
was also determined.

Results: Histologic, histomorphometric, and immunohistochemical examinations revealed that HSV rings stimulated with
TNF-α + nLDL or TNF-α + oxLDL can exhibit the essential morphological features of atherogenesis, including fibrous cap
formation, cholesterol clefts, evident thickening of the intimal layer, increased proliferation of smooth muscle cells (SMC)
and migration to the subendothelial layer, significant SMC foam cell formation, and increased expression of adhesion
molecules in the vascular wall. Addition of E2 (50 nM) to the culture significantly modulated the critical changes.
Consistently, mRNA profiling of the HSV model revealed that 50 of 84 genes of atherosclerosis were up-regulated.

Conclusions: Phenotypic changes characteristic of the initial development of atherosclerotic plaques can be induced in
HSV organ culture.
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Background
Atherosclerosis, one of the most important vascular dis-
eases worldwide, is a complex and progressive disease
characterized by accumulation of lipids and fibrous ele-
ments in large arteries [1]. Epidemiological studies have
revealed numerous risk factors for atherogenesis, in-
cluding gender, smoking, hyperlipidemia, inflammation,
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and genetic background [1]. Histopathology studies of
the vascular changes during atherogenesis have shown
that blood derived inflammatory cells, particularly
monocyte/macrophages, play a key role in the initiation
and progression of the disease. Highly inflammatory
monocytes express increased levels of immunogenic
factors such as Toll-like receptors (TLR) and cytokines,
e.g., TNF-α and IL-1 [2]. TNF-α is an important pro-
inflammatory cytokine which is involved in endothelial
cell (EC) dysfunction and atherosclerosis by down-
regulating endothelial nitric oxide synthase (eNOS)
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expression [3]. A decrease of endothelial nitric oxide
production synthesized by eNOS causes several critical
features of vascular inflammation associated with ath-
erosclerosis. These include increased adhesion mole-
cules on EC, elevated platelet aggregation and adhesion
on EC, enhanced inflammatory cell binding to EC and
recruitment to the subendothelial layer, and smooth
muscle cell (SMC) proliferation and migration [3]. Con-
sistently, activation of TNF-α was demonstrated in hu-
man atherosclerotic plaques and proliferating SMCs in
the balloon-injured rabbit aorta [4].
LDL is another important key factor of atherogenesis

as evidenced by the correlated incidence of hyperlipid-
emia atherosclerosis in human patients [1], and various
animal models including pigs, rabbits, rats, and mice
[5]. Earlier studies reported that oxidation of LDL has
important biological effects in atherosclerotic plaque
development, particularly in foam cell formation by
macrophage and SMC [5,6]. Vascular endothelial dys-
function at the initiation phase of atherogenesis is also
correlated with the introduction of extracellular lipid
into the T. intima (TI) of the arterial wall. In the lipid
accumulation phase, monocytes that has migrated into
the arterial wall differentiate into macrophages and arise
to express scavenger receptors (ScR) that bind, and fa-
cilitate the uptake of modified lipoproteins. Over time,
monocyte-derived macrophages develop into macro-
phage foam cells. Macrophage foam cells and other cells
in the vascular wall produce various cytokines and
growth factors that promote SMC migration and prolif-
eration [2].
Nowadays it is necessary to gain better understanding

of the pathogenesis of human atherosclerosis and rele-
vant genetic and pharmacological factors. The develop-
ments of atherosclerosis have been widely studied in a
variety of large and small animal models such as rabbits,
rats [5], pigs [7], non-human primates [8], and most
commonly in mice [reviewed in 5], but human models
are rare. Most ex vivo and in vitro studies in human
atherosclerosis and other vascular diseases have been
performed with organ (vessel) culture techniques [9-11],
and co-culture of endothelial cells and SMC from umbil-
ical [12], HSV [13] or the aorta [14]. In advantage, the
organ culture techniques preserve the in vivo anatomic
relationships such as the vascular cell organization in
the extracellular matrix which control the vascular re-
sponse to injury [11].
Our previous atherosclerosis-related model was dem-

onstrated in TNF-α stimulated co-culture of EC and
SMC obtained from umbilical veins [12]. The ath-
erosclerotic criteria by TNF-α induction, including
increased adhesion molecule expression and platelet
aggregation were principally caused by EC and eNOS
dysfunction [9,12]. However, this atherosclerotic model
[12] has noticeable limitations such as the lack of
neointima hyperplasia, foam cell formation, and SMC
proliferation and migration to the TI of the vascular
wall.
To improve our previous in vitro model, this study de-

velops a simple initial atherosclerosis plaque model
using HSV organ culture induced with a combination of
TNF-α and nLDL (T + nLDL) or oxLDL (T + oxLDL).
Our results revealed phenotypic changes that were con-
sistent with the atherosclerotic plaque features. The
principle underlying our current approach was the the-
ory of “Response to Injury” [5]. Firstly, TNF-α induces
dysfunction of EC [2,12] and expression of ScR on EC
and SMC [15,16]. Subsequently, oxLDL or oxidized
nLDL in the culture media mimics hyperlipidemia status
in patients [5] and passes through EC lining and TI via
ScR [16]. Our new model here can produce several pheno-
typic hallmarks of atherogenesis. Importantly, many of
these are susceptible to anti-atherosclerotic agent 17-β
estradiol (E2).

Methods
Materials
In culture technique, we used Dubecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS) (Gibco), TNF-
α, E2 (Sigma-Aldrich, St. Louis, MO). nLDL and oxLDL
were from Kalen Laboratories. Antibodies to VCAM-1
(Santa Cruz biotechnology, Inc, California, USA), alpha
actin (Dako, Glostrup, Denmark), biotinylated anti-PCNA
(Biolegend, San Diego, CA, USA), strepavidin–perox-
idase kit and peroxidase substrates (Vector laborator-
ies, Burlingame, CA, USA) and Weigert staining kit
(Bio-Opica, Milan, Italy) were used in immunohisto-
chemistry and histomorphometry. Oil red O dye was
from Sigma (St. Louis, MO, USA). Atherosclerosis
DNA microarray kit and RNA extract kit were pur-
chased from QIAGEN (Hilden, Germany). Reagents
for electron microscopic study were from Electron
Microscopy Sciences (Nashville, Tennessee, USA). The
others were from Sigma-Aldrich.

Subjects
Normal HSV segments, determined by routine histological
inspection, were obtained from male patients undergoing
coronary artery bypass graft surgery at Pramongkutklao
Hospital and Rajavithi Hospital, Bangkok, Thailand. The
donors had no clinical history of all infectious diseases.
The ethical committee of Faculty of Tropical Medicine,
Mahidol University, Pramongkutklao Hospitol and
Rajavithi Hospital approved this study. All donors in-
volved in this study were informed the objectives of this
study and filled the consent forms. The HSV segment
from each donor was conducted for an independent
experiment.
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Experimental design
Vessel preparation and culture
Fresh HSV segments obtained from the hospital were
transferred to the culture laboratory (YM) in cool medium,
then immediately dissected connective tissue and ad-
ventitia. The vessels were divided into 3 mm length
rings. The ring segments were quiescent overnight in
DMEM supplemented with 1% of heat inactivated FBS
before the experiments. Each HSV ring was cultured
individually in 24 well plates with 1 ml of complete
medium. The conditions in each independent experi-
ment included HSV ring at D0, cultured in medium
alone, medium with TNF-α, T + nLDL with/without E2
and/or T + oxLDL with/without E2 in duplicate.

Stimulation of atherosclerosis plaque like lesions in static
condition
After overnight quiescence, the HSV rings were changed
to culture in DMEM supplementd with 5% heat in-
activated FBS [17], 5 ng/ml of TNF-α [12] plus 50 μg/ml
of nLDL (T + nLDL) or oxLDL [18] (T + oxLDL) with
or without E2 (25 - 50 nM). The 500 μl of medium was
changed with fresh prepared medium with indicated
conditions every two days until day 12.

Evaluation of feasibility of atherosclerosis plaque model

Determination of histopathologic changes by histo-
pathology, histomorphometry, Immunohistochemis-
try techniques After 14 days of cultivation, the HSV
rings were harvested to investigate morphology and histo-
pathologic changes by standard hematoxylin & eosin
(H&E) staining. The atherosclerotic plaques like lesions
were examined by histomorphometric analysis (Verhoeff ’s
staining) [10], Masson trichrome staining [19], and immu-
nostaining [12,20]. The foam cell formation in SMC was
confirmed by Oil red O staining [21], and immunostaining
of serial sections, and transmission electron microscopy
(TEM) [12,22]. The effect of E2 to reduce critical features
of atherosclerotic plaques was evaluated comparing
among syngeneic HSV rings on Day 0, and those cultured
in all conditions.

Modulation of atherosclerosis plaque like lesions
Atherosclerotic plaques like lesion in the HSV rings in-
duced by T + nLDL or T + oxLDL in DMEM + 5% heated
FBS [17] were modulated by adding E2 (25-50 nM) in the
culture medium. After 14 days, the effect of E2 to modu-
late the critical features was evaluated comparing among
HSV rings on day 0, and those cultured in all conditions.

Tissue preparation
After cultivation, HSV segments were harvested, washed
in PBS and fixed in 1% paraformaldehyde overnight at
4°C. Then each fixed segment was washed in 0.01 M PBS,
crossly divided into two parts; one part was processed
parafinnized block for histology, histomorphometry, and
immunohistochemical studies [9,10]. Another part was
processed for cryosection in 10 μm thick for lipid staining
with oil red O method [21].

Histology and histomorphometry
Serial consecutive paraffinized sections (4 μm) of HSV
were deparafinized and rehydrated in serial baths of
OTTIX, OTTIX Shapper, ethanol and PBS, then rou-
tinely stained with hematoxylin & eosin for histological
examination. Histomorphometric analysis of thickness
of TI and T. media (TM) were determined using
Weigert staining kit under light microscope (Olympus;
BX41). Masson’s trichrome staining was used to observe
the extracellular matrix expansions into TI and TM
[10].

Immunohistochemistry
After antigen retrieval for 10 min by boiling in 0.01 M
sodium citrate, deparaffinized sections were quenched in
0.3% hydrogen peroxide for 30 min and incubated in 1%
BSA in PBS for 30 min. Sections were incubated with
primary antibodies: Rabbit anti-human VCAM-1 (1:200),
alpha actin (1:1000) to identify SMC, or vWf (1:1000) to
identify EC at room temperature for 45 min and then 4°C
overnight. Samples were detected with secondary anti-
bodies, biotinylated goat anti-rabbit or mouse IgG (Vector
Laboratories, USA), for 30 min, washed, followed by
streptavidin peroxidase for 30 min, and color visualized
using 3, 3'- diaminobenzidine (DAB) for brown color,
or Vector Red for brown-red color (Vector Laborator-
ies, Burlingame, CA, USA). Finally, the sections were
treated with Mayer’s hematoxylin for 1 min to stain nuclei.
The negative control staining was omission of the primary
antibodies. The positive control for PCNA staining was
performed on human tonsillitis sections.

Determination of PCNA expressed SMC
At least total 500 SMCs were examined at high power
field in all specimens. The HSV sections were independ-
ently, and blindly counted by two observers (YM and
UC). A proliferative index, defined as the numbers of
positive nuclear staining SMC were represented in the
percentage of total 500 SMCs [23].

Semi-quantitative determination of adhesion molecule
expression in vascular cells
Slides were investigated under a light microscope by two
independent observers (YM and KW). Immunoreactivity
was classified by estimating the percentage (P) of 300
total identified cells showing characteristic staining
(from an undetectable level or 0%, to homogeneous
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staining or 100%) and by estimating the intensity (I) of
staining (0, negative staining; 1, weak staining; 2, moderate
staining; and 3, strong staining). The semi-quantitative ex-
pression results (S) were scored by multiplying the per-
centage of positive cells (P) of total by the intensity (I); S =
P × I as modified from a previous study [24].

Identification of foam cells by Oil red O staining
After air-dried, 10 μm thick HSV cryosections were soaked
in DW for 5 min. The sections were then pretreated with
absolute 2-propanol for 2 min and stained with 0.5% oil
red O in 2-propanol at room temperature overnight. The
slides were differentiated with 80% of 2-propanol, and
then with DW. Finally, the cells were counterstained with
Mayer’s hematoxylin for 1 min to localize nuclei. The
slides were examined under light microscope. The intra-
cellular lipid bodies were stained in red. Foam cells were
defined as having ≥10 Oil Red O-positive lipid bodies per
cell. Randomly 5 fields each from at least 3 sections were
counted for the calculation [21].

Ultrastructural investigation of foam cells by TEM
After cultivation, some HSV rings induced with T +
nLDL or T + oxLDL were harvested and processed for
TEM [12,22] to identify the lipid bodies in SMC foam
cells. Briefly, harvested HSV rings were washed in 0.1M
phosphate buffer (PB) with sucrose pH 7.2, fixed with
2.5% glutaraldehyde in PB at 4°C overnight. After post
fixation in 1% osmium tetroxide in PB for 2 hours, the
tissues were gradually dehydrated in acetone and embed-
ded in epon-aradite. 70 nm ultrathin sections were
prepared, double stained with uranyl acetate and lead
citrate, and examined in a transmission electron micro-
scope (Joel 1200 EX).

Statistic analysis
All data are expressed as means ± standard error of
mean (SEM). The data including the proliferative index,
thickness of TI, number of foam cells, and scores of
VCAM-1 expression were statistically analyzed among
the groups using the Kruskal-Wallis test and the Mann-
Whitney U test using SPSS 11.5 (Chicago, USA). A value
of p < 0.05 was considered statistically significant.

Results
HSV stimulated with T + nLDL and T + oxLDL could
induce atherosclerotic plaque liked lesions within 14 days
T + nLDL and T + oxLDL induced thickening of TI in HSV
rings
Our findings revealed marked histopathologic changes
in 14-day T + nLDL or T + oxLDL stimulated HSV rings,
including fibrous cap formation, thickening of TI, expan-
sion of extracellular matrix in the TI and proliferation of
SMC (Figure 1A). Immuno-localization of von Willebrand
factor (vWF) in EC of HSV suggested that TNF-α alone
could damage endothelial integrity, while T + oxLDL
caused complete injury compared to the untreated HSV
on day 0 (Figure 1A: j-l). The thickened vascular walls
were composed of 1) SMC proliferation and migration to
the subendothelial layer, and 2) expansion of extracellular
matrix to the subendothelial layer in comparison to HSV
rings on day 0 and cultured in medium (Figure 1). By
examination of Masson Trichrome stained HSV sections,
TNF-α alone, T + nLDL or T + oxLDL noticeably enhance
thickening of the intimal layer in HSV rings comparing to
the HSV on D0, and those cultured in medium (Figure 1B).
The TI of HSV stimulated with T + nLDL (22,126 ± 126
μm), and with T + oxLDL (25,031 ± 2891 μm) were
significantly thicker than those in the medium alone
(17,788 ± 1,064 μm), p < 0.05. There was no significant
difference in thickness of TI between cultured with TNF-α
(20,444 ± 3,489 μm) and in medium (p = 0.434). The
thickening of TI of HSV stimulated by TNF-α alone, T +
nLDL (p = 1.000) or T + oxLDL (p = 0.355) were also not
significantly different.

Proliferation of SMC in both TI and TM was indicated by
significantly increased PCNA expression in SMC nuclei
Immunohistochemistry for alpha-actin (a marker of
SMC) and PCNA in SMC in both TI, and TM repre-
sented the proliferation of SMC (Figure 2A). The com-
parison of proliferative index (percentages of PCNA
expressed SMC) among groups was shown in Figure 2B.
TNF-α (66.0 ± 0.38%, p = 0.000), T + nLDL (57.40 ±
3.19%, p = 0.000), and T + oxLDL (49.18 ± 3.43%, p =
0.001) treatments significantly promoted SMC prolifera-
tion. There was no significant difference in SMC prolif-
eration between T + nLDL and T + oxLDL (p = 0.413),
or TNF-α and T + nLDL induction (p = 0.563), or HSV
at D0 and in the medium alone (P = 0.182).

SMC foam cell formation
Some SMC in both TI and TM developed foam cells (SMC
foam cells), which were identified by oil red O staining and
TEM (Figure 3A-D). Figure 3E shows that the percentages
of SMC foam cells within the total SMC in the vascular
wall of T + nLDL (49.86 ± 2.43, p = 0.000), and T + oxLDL
induced HSV rings (51.62 ± 1.72, p = 0.000) were signifi-
cantly higher than that of the control (19.30 ± 1.71). No
significant difference was found between T + nLDL and
T + oxLDL stimulations (p = 0.999). Moreover, TNF-α
alone (22.6 ± 5.11) had little effect on the number of SMC
foam cells compared to the control (p = 0.993).

Increased expression of adhesion molecule, VCAM −1, in TI
and TM
Expression of VCAM was mostly found in SMC in both
TI and TM of HSV rings cultured with T + nLDL or T



Figure 1 T + LDL induced atherosclerotic plaque like lesion. (A) Photomicrograph of HSV rings (original magnification x 200); harvested on
day 0 (a, d, g), and day 14 after cultured with T (5 ng/ml) + nLDL (50 μg/ml) (b, e, h) or T (5 ng/ml) + oxLDL (50 μg/ml) (c, f, i). Histopathologic
changes observed by H&E staining (a, b, c), thickening of TI and expansion of extracellular matrix in vascular wall determined by Weigert staining
(d, e, f) and Masson Trichrome staining (g, h, i), respectively. * points lumen of HSV ring, I and M localize TI and TM, respectively. The endothelial
lining of HSV rings at D0, cultured with TNF-α (5 ng/ml) or T + oxLDL (j, k, l) was localized by immunostaining with anti-VonWillebrand factor
(vWf) and peroxidase substrate DAB (original magnification x 400). Arrowheads and arrows point the positive and negative reactivity of EC,
respectively. The findings were obtained from one of similar six independent experiments. (B) Graph of thickening of TI compared among HSV
rings cultured in medium alone, with TNF-α, T + nLDL, or T + oxLDL to the syngeneic HSV on day 0. The data represent mean ± SEM of T.
intimal thickness (μm) of those cultured in medium alone, (n = 6). Significant differences among individual groups are indicated; ** p- valves
< 0.05, and *** = not significant.
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+ oxLDL (Figure 4A). In Figure 4C, there is no signifi-
cant difference in VCAM expression among HSV at D0
(79.0 ± 4.22), cultured in medium (86.2 ± 2.37, p =
1.000), and with TNF-α alone (146.67 ± 6.77, p = 0.455).
In contrast, T + nLDL (235.5 ± 22.92, p = 0.000) and
T + oxLDL (216.5 ± 26.0, p = 0.001) significantly in-
duced VCAM-1 expression.

Potential application of the model in anti-atherosclerotic
agent study
E2 could modulate atherosclerotic plaque characteristics
in HSV culture induced by T + nLDL or T + oxLDL
Histological changes related to atherosclerotic plaque

induced by T + nLDL and T + oxLDL induction were
suppressed when 50 nM E2 was added in the HSV
culture (Figure 5). The addition of E2 (25–50 nM) in the
culture medium reduced the degree of injury of EC
(Figure 5L, 5M).
Figure 5A-D reveal that E2 (50 nM) could decrease
all parameters including the thickness of TI (17,297.5 ±
297.5 μm, p = 0.121), the number of PCNA positive
SMC (23.8 ± 3.1%, p = 0.000), the number of SMC
foam cells (26.60 ± 1.28%, p = 0.000), and the level of
VCAM expression (80.25 ± 3.77, p = 0.000) in HSV
rings cultured with T + nLDL + E2.
Similarly, 50 nM E2 in T + oxLDL could also re-

duce changes of the same set of parameters, includ-
ing the thickness of TI (14,025.7 ± 1,945.02 μm, p =
0.034), the number of PCNA positive SMC (24.5 ±
2.7%, p = 0.001), the number of SMC foam cells
(24.45 ± 4.83%, p = 0.000), and the level of VCAM
expression (146.0 ± 28.74, p = 0.320).
Figure 5E-H are representative photomicrographs

showing the effects of E2. Figure 5I-M represents re-
sults of immunostaining of vWf illustrating the EC
integrity.



Figure 2 Proliferation of SMC in HSV cultured with T + LDL. (A) Nuclear expression of proliferating cell nuclear antigen (PCNA) by
immunohistochemical staining; (a), markedly localization of PCNA in nuclei of lymphoblasts in marginal zone of human tonsillitis section (PCNA
positive control staining, original magnification x 200); b and c, double immunostaining of HSV rings (original magnification x 400); on day 0 (b)
and day 14 after cultured with T (5 ng/ml) + oxLDL (50 μg/ml) (c), PCNA in nuclei and alpha actin in cytoplasm of SMC, inlet with x1000
magnification. PCNA and alpha actin positive reactivity was visualized with peroxidase substrate DAB (brown color) and Nova Red (red color),
respectively. (B) Percentages of PCNA expressed SMC in HSV rings were compared among all groups as mentioned above. Data are means ±
SEM from 3 - 6 independent experiments. Significant differences among groups are indicated; * p- valves = 0.00, ** p- valves < 0.05, and
*** = not significant.
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Discussion
The present study is the first to use static HSV organ
culture to study pathologic changes associated with
atherogenesis by TNF-α in combination with nLDL or
oxLDL. Following the theory of “Response to Injury”, we
aimed to imitate the activation of vascular inflammation
by hyperlipidemia in patients during the early stages of
atherogenesis [1,5].
TNF-α is an important pro-inflammatory cytokine

which 1) causes EC dysfunction by decreasing endothe-
lial NO, which in turn up-regulates expression of adhe-
sion molecules, increases proliferation and migration of
SMC, and induces platelet aggregation [12], 2) induces
SMC ScR expression and contributes SMC foam cell for-
mation [15], and 3) enhances LDL oxidative modifica-
tion by EC [17]. These alterations are consistent with
the pathogenesis of the atherosclerosis as reviewed by
Hopkins [26] and Hansson [27]. To study the role of
TNF-α in our HSV model, we used recombinant human
TNF-α, a strategy that allowed us to precisely control
the concentration of TNF-α for initiating lesions. The
dosage of TNF-α was adapted from previous publica-
tions [12,15,25].
Because TNF-α is not the only pro-inflammatory cyto-

kine secreted from activated innate immunity cells, it will
be important to develop a more sophisticated model
which utilizes co-cultured innate immune cells. The com-
plex interplay between cytokine signaling cells involved
atherogenesis cannot be captured by our simple model.
nLDL or oxLDL in the culture medium mimicked

hyperlipidemia in patients [5]. oxLDL in the culture
passed through EC lining and TI via ScR on impaired
EC [28]. Unlike oxLDL, nLDL required oxidation by
TNF-α stimulated EC to become oxLDL [25,28] before
entering TI. Foam cell formation is a hallmark of athero-
sclerotic plaques. Most foam cells arise from monocyte-
derived macrophages recruited through EC stimulation
by pro-inflamatory cytokines [19]. Foam cells develop
when monocyte-derived macrophage or SMC within the
arterial wall takes up oxLDL via ScR [27].
oxLDL (80 μg/ml) was found to be effective in enhan-

cing vascular SMC migration within 24 hours and indu-
cing foam cell formation in SMC in 72 hours [29]. In
this study, addition of oxLDL (50 μg/ml) was sufficient
to convert SMC in HSV to foam cell.
Some earlier studies used nLDL as a negative control

for investigating the effects of oxLDL in EC-SMC cul-
ture [30,31]. nLDL itself could not induce foam cell for-
mation because the receptor that binds to LDL is poorly
expressed on differentiated macrophage. Moreover, the
LDL receptor is not expressed in atherosclerotic plaques
[32]. Our findings revealed however that T + nLDL can
synergistically induced important features of athero-
sclerosis as effectively as T + oxLDL can.
TNF-α is predicted to cause EC dysfunction and de-

crease endothelial nitric oxide, leading to proliferation
and migration of SMC in TI and TM. In addition, TNF-
α is known to increase expression of ScR on SMC [25].
Uptake of oxLDL via ScR can lead to accumulation of
cholesterol and develop SMC foam cells in both TI and
TM. Therefore, although our HSV model does not
directly incorporate monocytes, direct TNF-α stimula-
tion can still increase the number of ScR on SMC and
lead to significant SMC foam cell development useful
for research.
In previous studies, Newby et al. studied the mechan-

ism of atherosclerosis in HSV bypass in patients. They
focused on spontaneous atherosclerosis development in



Figure 3 Foam cell formation in HSV cultured with T + LDL. The photomicrographs of SMC foam cells in a HSV ring stimulated with T (5 ng/
ml) + oxLDL (50 μg/ml) for 14 days, with immunostaining to alpha actin in cytoplasm of SMC, original magnification x40 (A), and at x1,000 (B).
SMC foam cells were identified by Oil-red-O staining, original magnification x1000 (C); and transmission electron microscope, original
magnification x8,000 (D) from the same experiment comparing to those in the syngeneic HSV on day 0 at the same original magnification (inlets
in B, C, and D). (E) Percentages of SMC foam cells in HSV rings were compared among all groups as mentioned above. Data represent means ±
SEM from 3 - 6 independent experiments. Significant differences among groups are indicated; * p- valves = 0.00, and *** p- valves =
not significant.
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HSV culture which imitates the conditions of HSV cor-
onary bypass. This study undoubtedly had direct impli-
cations for coronary bypass patients [33]. Alternatively,
Monaco et al. used atheroma cell mixtures from the hu-
man plaques lesions in short-term culture to study
innate immunity in atherosclerosis. They investigated
the roles of atheroma cells in human atherogenesis via
TLR and MyD88 induced NF-kappa B activation [34].
Here, we used a different approach, aiming to generate
atherosclerosis like lesions in normal HSV. By simultan-
eously adding LDL and TNF-α, which mimic the
important risk factors of atherosclerogenesis: hyper
lipidemia and inflammation, we can now reproduce sev-
eral features of atherosclerosis in culture. Our model



Figure 4 T + LDL increased vascular adhesion molecule-1 (VCAM-1) expression in SMC of HSV cultures. Double immunostaining of HSV
rings cultured with T (5 ng/ml) + oxLDL (50 μg/ml) for 14 days, original magnification x 200 (A) compared to the syngeneic HSV on day 0 (B);
Each inlet shows the same picture at original magnification x 1,000. VCAM-1 and alpha actin positive reactivity was visualized with peroxidase
substrate DAB (brown color) and Nova Red (red color), respectively. (C) Percentages of VCAM expressed SMC in HSV were compared among all
groups as mentioned above. Data are means ± SEM from 3 - 6 independent experiments. Significant differences among groups are indicated; *
p- valves = 0.00, and *** = not significant.
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thus provides a novel tool for further atherogenesis and
pharmacological studies.
Consistent with the previous studies [5,10,11,30], we

found that activated SMC had important roles in the de-
velopment of the thickness of stimulated HSV, which is
Figure 5 E2 modulated atherosclerotic plaque characteristics in HSV c
of PCNA expression (B) and foam cells (C) and the amount of VCAM expre
E2 (50 nM), or T + oxLDL + E2 (50 nM). Each dot line represents baseline va
among groups are indicated; * p - valves = 0.00, ** p - valves < 0.05, and *
changes of the HSV rings cultured with T + oxLDL (F), T + oxLDL + E2 (50
the syngeneic HSV on day 0 (E). * indicates cholesterol cleft, arrow indicate
and TM = T. media (H&E staining, original magnification x 400). The endoth
T + oxLDL (K), T + oxLDL + E2 (50 nM) (L), or T + oxLDL + E2 (25 nM) (M)
substrate DAB (original magnification x 400). Arrowheads and arrows point
dependent on SMC migration and proliferation [10,11],
SMC foam cell accumulation [30], and expansion of extra-
cellular matrix, and fibrous cap formation [5]. In our cul-
ture, proliferation of SMC was not due to implantation
because we did not observe any attachment of SMC at the
ulture induced by T + LDL. The thickness of TI (A), the percentage
ssion (D) were modulated in the HSV rings cultured with T + nLDL +
lve of that in the syngeneic HSV rings on day 0. Significant differences
** = not significant. Photomicrographs illustrate histopathologic
nM) (G), or with T + oxLDL + E2 (25 nM) (H) for 14 days comparing to
s foam cell, and arrow head points at the fibrous cap, TI = T. intima
elial linings of HSV rings at D0 (I), cultured with TNF-α (5 ng/ml) (J),
were localized by immunostaining with anti-vWf and peroxidase
the positive and negative reactivity of EC, respectively.
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bottom of the culture plate, and the proliferation occurred
specifically within TI and TM, which protruded into the
lumen.
The Additional file 1 summarizes our unpublished data

of an experiment of HSV stimulated withTNF-α and nLDL
for 4 hours [35]. RNA was extracted and expression of ath-
erosclerosis related genes was determined by Atheroscler-
osis quantitative RT-PCR array analysis (Qiagen, Hilden,
Germany). 50 of 84 genes were up regulated (The Add-
itional file 2). The activation was controlled by NF-kappa
B1 (NFKB1), EGR1, TNF and TNFAIP3. Genes with mark-
edly altered expressions included those encoded for lipid
transport and metabolism, inflammation, adhesion mole-
cules, extracellular molecules and cell proliferation (The
Additional file 3). Our findings here are thus consistent
with TNF-α and LDL could initiate the process of athero-
sclerosis and correlated to the phenotypic changes of our
present model (Figures 1, 2, 3 and 4). Consistently, some
studies have also suggested that NF-kappa B activation is
induced by lipid [36] and TNF-α [37]. The down regulation
of genes encoded for vWf supports our findings of injured
EC integrity in HSV cultured with TNF-α + oxLDL
(Figure 5K).
In the present study, we selected E2 to demonstrate an

application of our initial plaque model. Previous studies
have demonstrated beneficial effects of E2 as anti-
atherogenesis in EC culture [12], animal models [8,38],
and in human vein culture [39]. E2 stimulates nitric
oxide production by promoting eNOS activity [12,39]. E2
also enhances endothelial integrity, EC proliferation, and
survival. Furthermore, E2 can reduce permeability of EC
to nLDL or oxLDL, inhibit SMC proliferation and mi-
gration, reduce adhesion molecule expression, and in-
hibit initiation of EC apoptosis induced by TNF-α and
oxLDL (reviewed in [8]). Consistently, our phenotypic
findings show that E2 (50 nM) also modulated the crit-
ical features of atherosclerotic plaque in our model, in-
cluding decreased thickness of TI, proliferative index of
SMC, SMC foam cell formation, VCAM-1 expression
(Figure 5). Taken together, our model faithfully reports
the pharmacological effects of E2.

The limitations in this study
1) The size of this study is limited. Statistical bias might
occur due to the small sample size. In addition, our
study could not address the process and the alteration
time course during the 14 day of culture. We could only
demonstrate the terminal changes and compared among
D0, and all conditions as mentioned above. 2) The im-
munological features should be evaluated further. We
mainly investigated the phenotypic changes. We did not
demonstrate monocyte adhesion and transmigration into
TI. However, the marked increase of VCAM-1 expressed
SMC in both TI and TM, which was in response to TNF-
α induction, indirectly implied monocyte involvement in
HSV culture. 3) Here, we aimed to utilize HSV segments,
which were more easily obtained. We did not compare the
changes of veins with those in artery cultures. However, a
previous study [10] showed differences between vein and
artery cultures. HSV develop significantly more intimal
hyperplasia than the internal thoracic or radial artery cul-
tures do in medium supplement with FBS (5-10%) and
without any other stimulators. Therefore, we used D0 and
cultures in medium alone as subtractive controls. In
addition, Deng et al. [40,41] reported differences of gene
expression of in vitro cultures of EC [40] and SMC [41]
separated from arteries and veins after exposed to stimuli.
TNF-α activated similar gene expression responses in both
EC culture from coronary artery (CAEC) and HSV (SVEC).
oxLDL induced greater gene expression in CAEC com-
pared with SVEC [40], and stronger proliferative/migra-
tory response in SMC culture from HSV [41]. Based on
several previous findings [10,40,41], our findings are in
agreement with expectations.
Conclusions
Although mouse model is the most common used ani-
mal model and easy for genetic manipulation such as
transgenesis, gene knock-out, and knock-in, its limita-
tion is the lack of development of plaques with foam cell
formation due to its different lipid profile compared to
those in human. The present study was the first to apply
TNF-α with LDL to enhance foam cell formation, and
demonstrate SMC proliferation, SMC growth, and matrix
accumulation within a short duration compared to animal
models [5,7,8,42]. Therefore, our HSV culture model rep-
resents a novel tool for human atherosclerosis research.
Additional files

Additional file 1: Determination of expression profile of
atherosclerosis in the T+nLDL stimulated HSV segments.

Additional file 2: Figure S1. Up-regulated expression of gene profiling
of atherosclerosis (50 of 84 genes) performed by Atherosclerosis
quantitative real time quantitative RT-PCR array analysis. (a) in a HSV
segment cultured with T (5 ng/ml)+nLDL (50 μg/ml) as mentioned in
Materials and Methods for 4 hours compared with the syngeneic
segment cultured in medium alone (b). Numbers of genes are
categorized into 8 functional groups (c).

Additional file 3: Table S1. Up-regulated expression of gene profiling
of atherosclerosis performed by Atherosclerosis quantitative real time
quantitative RT-PCR array analysis. A HSV segment cultured with T
(5 ng/ml)+nLDL (50 μg/ml) for 4 hours compared with the syngeneic
segment cultured in medium alone.
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diaminobenzidine; LDL: Low density lipoprotein; nLDL: native LDL;
oxLDL: oxidized LDL; TI: Tunica intima; TM: Tunica media; TEM: Transmission
electron microscopy; VCAM-1: Vascular cell adhesion molecule-1;

http://www.biomedcentral.com/content/supplementary/1476-511X-12-132-S1.doc
http://www.biomedcentral.com/content/supplementary/1476-511X-12-132-S2.jpeg
http://www.biomedcentral.com/content/supplementary/1476-511X-12-132-S3.pdf


Prasongsukarn et al. Lipids in Health and Disease 2013, 12:132 Page 10 of 11
http://www.lipidworld.com/content/12/1/132
ScR: Scavenger receptors; eNOS: endothelial nitric oxide synthase;
PCNA: Proliferating cell nuclear antigen.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KP and PC selected normal HSV segments. YM and KW were responsible for
laboratory work including culture, and tissue staining. VK performed tissue
preparation and processing. YM, UC and KW contributed to the histological,
histophotometry and immunohistochemical examination. UC contributed to
the ultrastructural study. SB carried out the real-time PCR assays and
analyses. YM was responsible for data analysis and statistical calculation. YM
conceived the study, and contributed to writing the manuscript. All authors
interpreted the results, read and approved the final manuscript.

Acknowledgements
This study was supported by Faculty of Tropical medicine, Mahidol
University; Mahidol University Research Fund; National Research Council of
Thailand (2009–2010); We are appreciated to the patients who donated their
HSV segments, and thank the staff at The Institute of Cardiovascular Diseases,
Rajavithi Hospital and Pramongkutklao Hospital for the specimen collections.
We thank Dr. Mario Riganti for worthy discussion about histopathology, Mr.
Suchart Pongwadeerattanakul, and Dr. Chidphong Praditsuwan for
suggestion about culture, and Mr. Christ Martin for proof reading.

Funding
The funding belonged to YM.

Author details
1Pramongkutklao Hospital, Bangkok, Thailand. 2Department of Tropical
Pathology, Faculty of Tropical Medicine, Mahidol University, 420/6
Ratchawithee Rd, BKK, Bangkok 10400, Thailand. 3The Institute of
Cardiovascular Diseases, Rajavithi Hospital, Bangkok, Thailand. 4Center of
Excellence for Antibody Research, Faculty of Tropical Medicine, Mahidol
University, Bangkok, Thailand.

Received: 17 July 2013 Accepted: 2 September 2013
Published: 8 September 2013

References
1. Crowther MA: Pathogenesis of atherosclerosis. Hematology Am Soc

Hematol Educ Program 2005, 1:436–441.
2. Mizuno Y, Jacob RF, Mason RP: Inflammation and the development of

atherosclerosis. J Atheroscler Thromb 2011, 18(5):351–358.
3. Egashira K: Clinical importance of endothelial function in arteriosclerosis

and ischemic heart disease. Circ J 2002, 66(6):529–533.
4. Niemann-Jonsson A, Dimayuga P, Jovinge S, Calara F, Ares MP, Fredrikson

GN, Nilsson J: Accumulation of LDL in rat arteries is associated with
activation of tumor necrosis factor-alpha expression. Arterioscler Thromb
Vasc Biol 2000, 20(10):2205–2211.

5. Lusis AJ: Atherosclerosis. Nature 2000, 407(6801):233–241.
6. Milioti N, Bermudez-Fajardo A, Penichet ML, Oviedo-Orta E: Antigen-

induced immunomodulation in the pathogenesis of atherosclerosis.
Clin Dev Immunol 2008, 2008:723539.

7. Tellez A, Krueger CG, Seifert P, Winsor-Hines D, Piedrahita C, Cheng Y,
Milewski K, Aboodi MS, Yi G, McGregor JC, Crenshaw T, Reed JD, Huibregtse
B, Kaluza GL, Granada JF: Coronary bare metal stent implantation in
homozygous LDL receptor deficient swine induces a neointimal
formation pattern similar to humans. Atherosclerosis 2010, 213(2):518–524.

8. Nofer JR: Estrogens and atherosclerosis: insights from animal models and
cell systems. J Mol Endocrinol 2012, 48(2):R13–R29.

9. Javed Q, Swanson N, Vohra H, Thurston H, Gershlick AH: Tumor necrosis
factor-alpha antibody eluting stents reduce vascular smooth muscle cell
proliferation in saphenous vein organ culture. Exp Mol Pathol 2002,
73(2):104–111.

10. Mekontso-Dessap A, Kirsch M, Guignambert C, Zadigue P, Adnot S, Loisance
D, Eddahibi S: Vascular-wall remodeling of 3 human bypass vessels:
organ culture and smooth muscle cell properties. J Thorac Cardiovasc
Surg 2006, 131(3):651–658.
11. Castronuovo JJ Jr, Smith TJ, Price RM: Validation of an in vitro model of
human saphenous vein hyperplasia. J Vasc Surg 2002, 35(1):152–157.

12. Suwannaprapha P, Chaisri U, Riyong D, Maneerat Y: Improvement of
function and morphology of tumor necrosis factor-alpha treated
endothelial cells with 17-beta estradiol: a preliminary study for a feasible
simple model for atherosclerosis. Circ J 2005, 69(6):730–738.

13. Helenius G, Hagvall SH, Esguerra M, Fink H, Soderberg R, Risberg B: Effect of
shear stress on the expression of coagulation and fibrinolytic factors in
both smooth muscle and endothelial cells in a co-culture model. Eur
Surg Res 2008, 40(4):325–332.

14. Hergenreider E, Heydt S, Treguer K, Boettger T, Horrevoets AJ, Zeiher AM,
Scheffer MP, Frangakis AS, Yin X, Mayr M, Braun T, Urbich C, Boon RA,
Dimmeler S: Atheroprotective communication between endothelial cells
and smooth muscle cells through miRNAs. Nat Cell Biol 2012, 14(3):249–256.

15. Li H, Freeman MW, Libby P: Regulation of smooth muscle cell scavenger
receptor expression in vivo by atherogenic diets and in vitro by
cytokines. J Clin Invest 1995, 95(1):122–133.

16. Zingg JM, Ricciarelli R, Azzi A: Scavenger receptors and modified
lipoproteins: fatal attractions? IUBMB Life 2000, 49(5):397–403.

17. Higashi Y, Sukhanov S, Parthasarathy S, Delafontaine P: The ubiquitin ligase
Nedd4 mediates oxidized low-density lipoprotein-induced
downregulation of insulin-like growth factor-1 receptor. Am J Physiol
Heart Circ Physiol 2008, 295(4):H1684–H1689.

18. Conway JP, Kinter M: Proteomic and transcriptomic analyses of
macrophages with an increased resistance to oxidized low density
lipoprotein (oxLDL)-induced cytotoxicity generated by chronic exposure
to oxLDL. Mol Cell Proteomics 2005, 4(10):1522–1540.

19. van der Sluis RJ, van Puijvelde GH, Van Berkel TJ, Hoekstra M:
Adrenalectomy stimulates the formation of initial atherosclerotic lesions:
reversal by adrenal transplantation. Atherosclerosis 2012, 221(1):76–83.

20. Umahara T, Uchihara T, Yamada S, Hashimoto T, Akimoto J, Haraoka J,
Iwamoto T: Differential expression of oxidized/native lipoprotein(a) and
plasminogen in human carotid and cerebral artery plaques.
Atherosclerosis 2011, 215(2):392–398.

21. Nicolaou G, Goodall AH, Erridge C: Diverse bacteria promote macrophage
foam cell formation via Toll-like receptor-dependent lipid body
biosynthesis. J Atheroscler Thromb 2012, 19(2):137–148.

22. Yu J, Li Y, Li M, Qu Z, Ruan Q: Oxidized low density lipoprotein-induced
transdifferentiation of bone marrow-derived smooth muscle-like cells
into foam-like cells in vitro. Int J Exp Pathol 2010, 91(1):24–33.

23. Sindermann JR, Babij P, Klink JC, Kobbert C, Plenz G, Ebbing J, Fan L, March
KL: Smooth muscle-specific expression of SV40 large TAg induces SMC
proliferation causing adaptive arterial remodeling. Am J Physiol Heart Circ
Physiol 2002, 283(6):H2714–H2724.

24. Charafe-Jauffret E, Tarpin C, Bardou VJ, Bertucci F, Ginestier C, Braud AC, Puig B,
Geneix J, Hassoun J, Birnbaum D, Jacquemier J, Viens P: Immunophenotypic
analysis of inflammatory breast cancers: identification of an ‘inflammatory
signature’. J Pathol 2004, 202(3):265–273.

25. Maziere C, Auclair M, Maziere JC: Tumor necrosis factor enhances low
density lipoprotein oxidative modification by monocytes and endothelial
cells. FEBS Lett 1994, 338(1):43–46.

26. Hopkins PN: Molecular biology of atherosclerosis. Physiol REV 2013,
93:1317–1542.

27. Hansson GK, Hermansson A: The immune system in atherosclerosis.
Nat Immunol 2011, 12(3):204–212.

28. Nielsen LB: Atherogenecity of lipoprotein(a) and oxidized low density
lipoprotein: insight from in vivo studies of arterial wall influx,
degradation and efflux. Atherosclerosis 1999, 143(2):229–243.

29. Yan P, Xia C, Duan C, Li S, Mei Z: Biological characteristics of foam cell
formation in smooth muscle cells derived from bone marrow stem cells.
Int J Biol Sci 2011, 7(7):937–946.

30. Alexander JJ, Miguel R, Graham D: Low density lipoprotein uptake by an
endothelial-smooth muscle cell bilayer. J Vasc Surg 1991, 13(3):444–451.

31. Niwa K, Kado T, Sakai J, Karino T: The effects of a shear flow on the uptake
of LDL and acetylated LDL by an EC monoculture and an EC-SMC
coculture. Ann Biomed Eng 2004, 32(4):537–543.

32. Kruth HS, Huang W, Ishii I, Zhang WY: Macrophage foam cell formation with
native low density lipoprotein. J Biol Chem 2002, 277(37):34573–34580.

33. Newby A, Zaltsman AB: Fibrous cap formation or destruction-the critical
importance of vascular smooth muscle cell proliferation, migration and
matrix formation. Cardio Vas Res 1999, 41:45–360.



Prasongsukarn et al. Lipids in Health and Disease 2013, 12:132 Page 11 of 11
http://www.lipidworld.com/content/12/1/132
34. Monaco C, Gregan SM, Navin TJ, Fowell BMJ, Davies AH, Feldmann M: Toll-
like receptor-2 mediates inflammation and matrix degradation in human
atherosclerosis. Circulation 2009, 120:2462–2469.

35. Zheng JP, Zhang Y, Edvinsson L, Hjalt T, Xu CB: NF-kappaB signaling
mediates vascular smooth muscle endothelin type B receptor expression
in resistance arteries. Eur J Pharmacol 2010, 637(1–3):148–154.

36. Xu CB, Zheng JP, Zhang W, Zhang Y, Edvinsson L: Lipid-soluble smoke
particles upregulate vascular smooth muscle ETB receptors via activation
of mitogen-activating protein kinases and NF-kappaB pathways.
Toxicol Sci 2008, 106(2):546–555.

37. Vlahopoulos S, Boldogh I, Casola A, Brasier AR: Nuclear factor-kappaB-dependent
induction of interleukin-8 gene expression by tumor necrosis factor alpha:
evidence for an antioxidant sensitive activating pathway distinct from nuclear
translocation. Blood 1999, 94(6):1878–1889.

38. Nakagami F, Nakagami H, Osako MK, Iwabayashi M, Taniyama Y, Doi T, Shimizu
H, Shimamura M, Rakugi H, Morishita R: Estrogen attenuates vascular
remodeling in Lp(a) transgenic mice. Atherosclerosis 2010, 211(1):41–47.

39. Ryomoto M, Wolff RA, Tomas JJ, Miyamoto T, Hoch JR: 17 beta-estradiol
attenuates intimal hyperplasia and macrophage accumulation with a
reduction in monocyte chemoattractant protein 1 expression in a vein
graft model. J Vasc Surg 2002, 36(3):613–621.

40. Deng DX, Tsalenko A, Vailaya A, Ben-Dor A, Kundu R, Estay I, Tabibiazar R,
Kincaid R, Yakhini Z, Bruhn L, Quertermous T: Differences in vascular bed
disease susceptibility reflect differences in gene expression response to
atherogenic stimuli. Circ Res 2006, 98(2):200–208.

41. Deng DX, Spin JM, Tsalenko A, Vailaya A, Ben-Dor A, Yakhini Z, Tsao P,
Bruhn L, Quertermous T: Molecular signatures determining coronary
artery and saphenous vein smooth muscle cell phenotypes: distinct
responses to stimuli. Arterioscler Thromb Vasc Biol 2006, 26(5):1058–1065.

42. Getz GS, Reardon CA: Animal models of atherosclerosis. Arterioscler
Thromb Vasc Biol 2012, 32(5):1104–1115.

doi:10.1186/1476-511X-12-132
Cite this article as: Prasongsukarn et al.: Phenotypic alterations in human
saphenous vein culture induced by tumor necrosis factor-alpha and
lipoproteins: a preliminary development of an initial atherosclerotic
plaque model. Lipids in Health and Disease 2013 12:132.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Materials
	Subjects
	Experimental design
	Vessel preparation and culture 
	Stimulation of atherosclerosis plaque like lesions in static condition
	Evaluation of feasibility of atherosclerosis plaque model

	Tissue preparation
	Histology and histomorphometry
	Immunohistochemistry 
	Determination of PCNA expressed SMC 
	Semi-quantitative determination of adhesion molecule expression in vascular cells
	Identification of foam cells by Oil red O staining
	Ultrastructural investigation of foam cells by TEM
	Statistic analysis

	Results
	HSV stimulated with T + nLDL and T + oxLDL could induce atherosclerotic plaque liked lesions within 14 days
	T + nLDL and T + oxLDL induced thickening of TI in HSV rings
	Proliferation of SMC in both TI and TM was indicated by significantly increased PCNA expression in SMC nuclei
	SMC foam cell formation
	Increased expression of adhesion molecule, VCAM −1, in TI and TM

	Potential application of the model in anti-atherosclerotic agent study

	Discussion
	The limitations in this study

	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Funding
	Author details
	References

